representative of actual field conditions than from single-loading conditions. A modified hyperbolic model considering the effects of cyclic confining pressure was further proposed.
Abstract: Dynamic loadings, induced by earthquakes and other causes, will lead to the cyclic variation of both shear stress and normal stress components on the soil elements. A series of cyclic triaxial tests with and without variable confining pressure were carried out to investigate the coupling effects of cyclic shear stress and cyclic normal stress on the G/G max characteristics of saturated clays. Results indicated that both the phase differences and ratios between the cyclic deviatoric stress and cyclic confining pressure exerted a constant and pronounced influence on the G/G max , indicating that the G/G max properties under combined loadings will be more D r a f t
Introduction
Water-saturated, fine-grained soil deposits can be subjected to undrained cyclic loads induced by earthquakes, pile driving, explosions, ocean wave storms and other causes. The dynamic response under such loads depends to a large extent on the cyclic stress-strain characteristics of the soil in shear. Relationships between the secant shear modulus G and the cyclic shear strain amplitude γ, typically expressed as a curve of G/G max versus γ, are usually employed to show the modulus characteristics of soils at moderate to high strains under cyclic loadings.
Substantial research has been undertaken to elucidate the influence of soil type, void ratio, the initial state of effective stresses, overconsolidation ratio, geologic age, degree of saturation, and grain characteristics on the G/G max characteristics of saturated soils (e.g., Hardin and Drnevich 1972b; Iwasaki et al. 1978; Kokusho et al. 1982; Seed et al. 1986; Vucetic 1988; Vucetic and Dobry 1991; Ishibashi and Zhang 1993; Rollins et al. 1998; Stokoe et al. 1999; Stokoe et al. 2004; Zhang et al. 2005) . For example, in their summary of the effects of different factors on G/G max with a specific focus on the plasticity index (PI), Vucetic and Dobry (1991) concluded that the PI correlates well with all important parameters and aspects of the cyclic behavior. Similarly, Stokoe et al. (2004) and Zhang et al. (2005) argued that that the effect of PI on dynamic soil behavior was not as significant as previously thought and suggested the confining stress and geologic age should be considered when selecting G/G max curves for design.
However, none of these previous studies considered the coupling of different dynamic stress components.
Of the studies undertaken to study these couplings, Aggour and Zhang (2006) indicated that dynamic loadings induced by earthquakes were composed of very complex combinations of various waves such as compressive waves and shear waves, among others. They then used a resonant column device to simulate the combinations of different seismic waves by the combined action of cyclic axial and shear strains. Results indicated a greater reduction of the modulus under combined loadings as opposed to a single excitation. As suggested by Gu et al. (2012) and Qian et al (2106) , the combined propagation of compressive waves and shear waves would lead to the cyclic variation of both shear stress components and normal stress components on the soil elements. This combined action of cyclic shear stress and cyclic normal stress components can be simulated through the coupling of cyclic deviatoric stress and cyclic confining pressure in cyclic triaxial tests with variable confining pressure (VCP tests). In comparison with the resonant column device employed by Aggour and Zhang (2006) , both stress controlled and displacement controlled cyclic loadings are used in the VCP tests. It is also possible to vary the ratios and phase differences between the cyclic deviatoric stress and cyclic confining pressure, to consider more complicated conditions of the combinations of compressive and shear waves. It should be noted that although multi-directional simple shear tests have also been employed by some researchers (e.g., Kammerer et al. 2002 Kammerer et al. , 2004 Rutherford 2012 ) to simulate the multi-directional shaking due to earthquakes and other sources, there are many differences between the VCP tests and multi-directional simple shear tests. For example, the multi-directional simple shear tests are mainly used to simulate the coupling of different shear waves rather than the coupling of compressive waves and shear waves.
D r a f t
While very few studies have been undertaken to elucidate the G/G max behavior of saturated soils under the coupling of cyclic deviatoric stress and cyclic confining pressure, the influences of different static stress paths in p-q plane (i.e., the coupling of deviatoric stress and mean principal stress) on the stress-strain responses of saturated soils have been studied (e.g., Gasparre et al. 2007, Cho and Finno 2010; Finno and Cho 2011) . For example, based upon their substantial testing of drained static stress paths on Chicago glacial clays over a wide strain range, Cho and Finno (2010) observed that the secant shear and bulk moduli obtained at strain levels greater than 0.002% depended strongly upon the loading direction and strain level.
Further, they also observed a decrease in the dependence of these moduli on the stress path direction with an increasing strain for both the shearing and volumetric behaviors. It is speculated that the G/G max behavior of saturated soils under cyclic loadings may also be related to the dynamic stress paths in the p-q plane.
In this study, a series of stress-controlled and staged cyclic triaxial tests with and without variable confining pressure were conducted on two different remolded saturated clays, in which two phase differences and several ratios between the cyclic deviatoric stress and cyclic confining pressure were employed. Test results show that both the phase differences and ratios influence the G/G max characteristics greatly and regularly, implying that the G/G max relationships under combined loadings cannot be determined simply by conventional tests that only apply a single cyclic loading. A modified hyperbolic model considering the effects of cyclic confining pressure is therefore proposed.
D r a f t Test Apparatus, Test Materials and Experimental Program
The tests in this study were conducted using a combination device of a piezoelectric-ceramic bender element system and an advanced cyclic triaxial apparatus (Gu et al. 2014) , which was designed and manufactured by the GDS Corporation in Great Britain. The bender elements are set into the top and bottom platens of the triaxial cell. The advanced cyclic triaxial apparatus can control both the amplitudes of the cyclic deviator stress and cyclic confining pressure, and independent phase difference between the two. The vertical stress is applied by a servo-loading system, while the confining pressure is supplied through an oil pressure type piston. The measurement of axial displacement had an accuracy of approximately 0.5 µm, resulting a strain accuracy of approximately 0.005% at a height of 100 mm.
To facilitate the investigation into the coupling effects of cyclic deviator stress and cyclic confining pressure, the parameter η ampl was introduced, using a procedure developed by Gu et al. (2012) and Sun et al. (2015) . As shown in Fig. 1 In order to remove the influences of initial soil fabric and overconsolidation on G/G max characteristics, remolded clays were selected as the test materials. The original clays used for the preparation of remolded samples were obtained from 6-9 meters beneath the ground surface, from two sites in Wenzhou city, which is in eastern coastal China and well-known for its soft clay deposits. The soft clays in Wenzhou city are mostly marine deposits and can reach a depth of 150 m. One site is in the campus of Wenzhou University and the other is close to the Oujiang River. In this study, the two clays are named WZU clay and WZO clay, respectively, the primary physical index properties of which are summarized in Table 1 . According to the USCS classification method, both the WZU and WZO clays are classified as CH.
A standard routine sample preparation procedure was employed to guarantee the consistency of the sample quality (Gu et al. 2012 and Cai et al. 2013) . First, the original clay was dried in an oven and then ground to a powder followed by the preparation of a sample of clay slurry with water content equal to the liquid limit w L . After being mixed and de-aired thoroughly, the slurry was pre-consolidated in a large consolidation vessel under a vertical pressure of 50 kPa for a month. Finally, cylindrical specimens with a diameter of 50 mm and a height of 100 mm were trimmed from the consolidated blocks and then mounted in the triaxial cell. Subsequently, a back pressure of 300 kPa with an effective stress of 10 kPa was applied,
until B values greater than 0.97 were achieved. The specimens were then isotropically consolidated under selected effective confining pressures.
After consolidation, the bender element test was first conducted to obtain the small-strain shear modulus G max . A combined action of cyclic deviator stress and cyclic confining pressure p =100 kPa, η ampl =-1.5), respectively, while the hysteresis loops from the same three tests are shown in Fig. 2(b) and Fig. 3(b) and Fig. 4(b) ,
respectively. Both the time-history curves and hysteresis loops include all loading cycles in every loading stage.
The cyclic deviatoric stress and cyclic confining pressure were applied at the same phase (θ=0°), the results of which are shown in Fig. 2(a) . The condition of the opposite phase (θ=180°) is shown in Fig. 4 (a) and the constant confining pressure is shown in Fig. 3(a) .
Although there were no significant visible differences between the three hysteresis loops, the calculations based on the whole test data indicated that the ratio of the maximum compression strain to the maximum tension strain at the same loading cycle decreased gradually with an increase in η ampl values. This decrease indicates that the tension strain is produced faster than the compression strain does with an increase in η ampl values. The mechanism resulting from this phenomenon has been carefully elucidated by Gu et al. (2012) , which indicated that in the effective stress paths of tests under η ampl >0, the effective stresses in the tensile half cycle (i.e., q<0) are lower than those in the compressive half cycle (i.e., q>0), and this trend is reversed gradually when the η ampl value is decreasing.
In cyclic triaxial tests, the dynamic elastic modulus is determined by E=q/ε a , in which ε a is the amplitude of cyclic axial strain in a hysteresis loop and q is the amplitude of cyclic D r a f t 10 deviatoric stress corresponding to ε a . Considering that most studies on the dynamic secant modulus behavior used the parameters of shear modulus G and shear strain γ, E and ε a were transformed to G and γ for our purposes here. Further, as the Poisson ratio ν is 0.5 for saturated soils, the modulus is expressed as:
2 (1 ) 3
(1 ) 1.5 a
The preliminary tests indicated that the average densities ρ of samples after the consolidation under Within the strain range of approximate 0.007% to 2% measured in this study, the differences of G/G max values between every two stress paths changed greatly with a variation of shear strains. At large shear strains, as the shear strain increases the change in the shear modulus reduction curve for different η ampl values decreases, eventually becoming negligible. Gu et al. (2012) indicated that although the coupling of cyclic deviatoric stress and cyclic confining pressure has little effect on the residual excess pore water pressure of saturated clays, it has complicated influences on the development of axial strain and the shapes of effective stress paths. The ratio of the maximum compression strain to maximum tension strain during a single loading cycle is also related to the cyclic confining pressure. It is speculated that all these changes of dynamic properties under the coupling of cyclic deviatoric stress and cyclic confining pressure may lead to the behavior of dynamic modulus.
D r a f t

Hyperbolic model considering the effects of variable confining pressure
Hyperbolic models, such as that developed by Harden and Drnevich (1972a) , have been used to describe the nonlinear soil behavior under cyclic loadings. In this particular model, a hyperbola asymptotic to the maximum shear stress is used to represent the stress-strain curve of the soil. Unfortunately, the single curve-fitting variable of this simple hyperbolic model makes it a poor fit for the test data. In this study, the authors used a hyperbolic model modified from procedures developed by Stokoe et al. (1999) and Zhang et al. (2005) to fit the G/G max versus γ relationships under cyclic confining pressure, which is expressed as:
Unlike the reference strain used in the single curve fitting model developed by Hardin and Drnevich (1972a) , two curve-fitting variables are used here; γ r is the reference strain that corresponds to the shear strain when G/G max =0.5, with α serving as the fitting parameter.
The test data of both clays under 
D r a f t
Conclusions
In this study, a series of stress-controlled and staged cyclic triaxial tests both with and without variable confining pressure were conducted on two remolded saturated clays, to investigate the coupling effects of cyclic deviator stress and cyclic confining pressure on the G/G max characteristics. The major conclusions from these tests are summarized as follows：
(1) Both the phase differences and ratios in the coupling of cyclic deviatoric stress and cyclic confining pressure had a pronounced and significant influence on the G/G max characteristics, implying that conventional tests alone, which use only a single loading, are inadequate for determining the G/G max relationships under combined loadings. 
